ABSTRACT Structure factor amplitudes and phases can be computed directly from electron cryomicroscopy images. Inherent aberrations of the electromagnetic lenses and other instrumental factors affect the structure factors, however, resulting in decreased accuracy in the determined three-dimensional reconstruction. In contrast, solution x-ray scattering provides absolute and accurate measurement of spherically averaged structure factor amplitudes of particles in solution but does not provide information on the phases. In the present study, we explore the merits of using solution x-ray scattering data to estimate the imaging parameters necessary to make corrections to the structure factor amplitudes derived from electron cryomicroscopic images of icosahedral virus particles. Using 400-kV spot-scan images of the bacteriophage P22 procapsid, we have calculated an amplitude contrast of 8.0 Ϯ 5.2%. The amplitude decay parameter has been estimated to be 523 Ϯ 188 Å 2 with image noise compensation and 44 Ϯ 66 Å 2 without it. These results can also be used to estimate the minimum number of virus particles needed for reconstruction at different resolutions.
INTRODUCTION
Three-dimensional structural studies of icosahedral virus particles using electron cryomicroscopy provide a broad range of information concerning the mechanisms undertaken by this class of macromolecular complexes for biological processes such as morphogenesis, virus-cell interactions, and antibody neutralization (Baker and Johnson, 1997; Chiu et al., 1997) . A distinct advantage of this electron imaging technique is the ability to retrieve both structure factor amplitudes and phases directly from the images. All electron images, however, have inherent aberrations due to the electromagnetic lenses and other instrumental factors (Brink and Chiu, 1991; Erickson and Klug, 1970) . These factors affect the structure factor amplitudes and phases, resulting in decreased accuracy in the determined threedimensional reconstruction. In the case of two-dimensional crystals, the true structure factor amplitudes are obtained from the intensities of electron diffraction patterns, which are insensitive to the image effects (Henderson et al., 1986; Unwin and Henderson, 1975) . Unfortunately, in the case of spherical virus particles it is experimentally difficult to obtain electron diffraction patterns. Consequently, the true structure factor amplitudes must be determined through an alternative mechanism.
In contrast to electron imaging, solution x-ray scattering provides absolute and accurate measurement of the structure factor amplitudes of virus particles in solution (Harrison, 1969; . An x-ray scattering curve, however, provides no information on the structure factor phases. Solution x-ray scattering data have previously been used to scale the Fourier amplitudes computed from electron cryomicroscopy image data for both the acrosomal process (Schmid et al., 1991) and flagellar filaments (Mimori et al., 1995) . These comparisons, however, did not estimate the values of the imaging parameters. Given the apparent complementarity between these two structural techniques, we explore the merits of combining the information provided by solution x-ray scattering and electron cryomicroscopy to obtain accurate electron cryomicroscopy amplitudes for three-dimensional reconstruction.
Images acquired in the electron microscope are degraded by the contrast transfer function (Erickson and Klug, 1970) , a number of envelope decay functions (Brink and Chiu, 1991; Frank, 1976; Hanszen and Trepte, 1971) , and noise (Glaeser and Downing, 1992) . The effects of these functions on the images can be approximated as follows:
where F obs are the structure factors computed from the electron cryomicroscopy images, F are the true structure factors of the object under study, CTF is the contrast transfer function, E is the product of all envelope decay functions, Noise is the noise function, and S represents spatial frequency (reciprocal of resolution). Depending on the severity of the image degradations and the desired resolution, reconstructions obtained without correcting for the contrast transfer and/or the envelope decay functions may have inaccurate mass distributions, inaccurate internal features, and inaccurate molecule boundaries (Avila-Sakar and Chiu, 1996; Jeng et al., 1989; Mimori et al., 1995; Shaw et al., 1993; Unwin, 1993) . Consequently, accurate determination of the three-dimensional structure requires correction for the effects of contrast transfer and envelope decay function on the electron cryomicroscopy structure factors. These corrections are especially important at low and high resolutions, where these imaging effects are most pronounced.
We have collected solution x-ray scattering intensity data of bacteriophage P22 scaffolding-containing procapsids and infectious phage particles. After analyzing the solution xray scattering data and performing data fitting between the solution x-ray scattering and electron cryomicroscopy intensities, we have determined the actual contrast transfer, envelope decay, and noise functions present in the electron cryomicroscopy images. Specifically, we used the solution x-ray scattering data as the true structure factor amplitudes, F(S), and performed data fitting to calculate the unknown parameters, which define the contrast transfer and envelope decay functions. These determined imaging parameters allow for accurate correction of the structure factor amplitudes necessary in the determination of high resolution icosahedral virus structures using electron cryomicroscopy.
MATERIALS AND METHODS

Capsid preparation
P22 scaffolding mutant procapsids were prepared essentially as described previously (Prevelige et al., 1988; . Salmonella typhymurium (strain DB7136) was infected with P22 phage carrying the mutation 2amH202, which prevents DNA packaging. The strain used for production of the scaffolding-containing procapsid carried the mutation 8tsL177I, which impairs scaffolding release , the mutation c 1 7, which ensures entry into the lytic pathway, and the mutation 13amH101, which delays lysis. Salmonella cells infected at a multiplicity of infection of 0.1 phage/cell were grown for 4 h at 30°C. Cells were harvested by centrifugation, lysed by repeated freeze/thaw cycles, and treated with DNase and RNase, after which cell debris was removed by low-speed centrifugation. The procapsids were concentrated from the supernatant by centrifugation at 45,000 rpm for 1 h in a 45Ti rotor. The procapsids were further purified by chromatography on an S-100 column, which removes membrane vesicles. Fractions containing procapsids were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, pooled, and concentrated by centrifugation.
Infectious phages were prepared as for procapsids, except that the infecting phage strain did not carry the 2amH202 mutation and thus could produce infectious phages. After the S-100 column chromatography, the infectious phage preparation was loaded onto 15-ml 15-30% sucrose gradients and centrifuged for 4.5 h at 24,000 rpm in an SW27.1 rotor. This step separates the heavier, DNA-containing infectious phages from both procapsids and unstable phage particles that have lost their DNA. The infectious phage band was removed through a pinhole at the bottom of the tube with a syringe. The sample was dialyzed to remove the sucrose and concentrated. The number of infectious phages per milliliter was determined by titering on Salmonella typhimurium under permissive conditions using standard procedures (Ausubel et al., 1995) . The weight concentration was calculated from the number of infectious phage/ml using an estimated molecular weight of 48 ϫ 10 6 daltons for the combined weight of protein and DNA in the virion.
Solution x-ray scattering
Solution x-ray scattering experiments were conducted at Beam Line 4 -2 of the Stanford Synchrotron Radiation Laboratory using a significantly upgraded version of the Biotechnology Resources small angle scattering/ Diffraction instrument (Tsuruta et al., 1998) . The wiggler synchrotron radiation beams were focused with a bent cylinder mirror and monochromated with a double-crystal Si(111) monochromator. The beam energy was calibrated to 8333 eV (wavelength 1.488 Å) at the NiK absorption edge. The linear position-sensitive proportional counter, BioLogic model 210 (Grenoble, France), was filled with Xe/CO 2 (Gabriel, 1977; Gabriel et al., 1978) and used a set of fast encoding electronics modules (Boulin et al., 1988) . The sample-to-detector distance was determined using the (100) diffraction peak from cholesterol myristate powder.
Samples of P22 particles at concentrations between 20 -50 mg/ml were contained in polycarbonate sample cells equipped with 25-micron-thick mica windows and maintained at a constant temperature (20 Ϯ 1°C) during data collection. The total exposure time for each sample ranged from 10 to 20 min, subdivided into 5 to 15 separate measurements of solution scattering in order to inspect for any radiation-induced time-dependent change in particle solution scattering. The detector count rate of the entire active detector area was maintained below 30,000 counts per second so that the detector counting efficiency remained virtually constant (above 98%) throughout the measurements. This was done to eliminate the risk of improper background subtraction, which could result from errors in the detector's dead time correction of the data recorded at higher count rates in the range of the inverse of the detection system dead time (1.5 ms). Blank buffer solution scattering was measured under conditions identical to the corresponding capsid particle solution scattering, normalized to integrated primary beam intensity, and subtracted from the particle solution scattering (Müller, 1982) . No sample absorption correction was made because x-ray absorption of concentrated capsid solutions was essentially identical to that of the corresponding buffer solutions. All scattering curves for a given sample were corrected for detector channel response and averaged after confirming that radiation-induced changes were not present.
Electron cryomicroscopy
Capsid samples were applied to copper grids covered with holey carbon film. Excess solution was removed by blotting and the grids were rapidly plunged into liquid ethane (Adrian et al., 1984; Dubochet et al., 1988) . Samples of the P22 scaffolding-containing procapsid were kept at Ϫ168°C and imaged at a magnification of 30,000 on a JEOL 4000 electron microscope using 400-kV electrons and spot-scan imaging (Zhou et al., 1994) . All images were recorded on Kodak SO-163 film. The film was developed in full-strength Kodak D19 for 12 min at 20°C, followed by fixation for 10 min in Kodak fixer.
Image processing
Micrographs of the scaffolding-containing procapsid were scanned using a Perkin-Elmer 1010M microdensitometer (Orbital Science, Pomona, CA) at step sizes of either 10 or 17 m. Particles were selected using automated reference-based particle selection Chiu, 1995, 1996) . Image quality and defocus were estimated using the average sum of the Fourier transform intensities of particle images from the same micrograph (Zhou et al., 1996) . In addition to particle images, small regions of the background ice ranging in size from 100 ϫ 100 to 200 ϫ 200 pixels were also selected from each micrograph for use in determining the noise present in the micrographs.
For comparison with the solution x-ray scattering intensity profiles, the average intensity of the Fourier transform of the electron cryomicroscopy image data as a function of spatial frequency, known as the power spectrum, was computed. For each data set, between 137 and 200 particle image Fourier transforms were summed to compute the power spectrum. Calculation of the power spectrum began by padding the particle images in real space into a larger array by adding a number of pixels to each side of the image. The pad sizes were chosen such that the resulting step size in Fourier space closely matched the 1/3424.65 Å Ϫ1 /point step size of the collected low-angle solution x-ray scattering data. The images scanned at 17 m were padded to 600 ϫ 600 pixels, resulting in a Fourier space step size of 1/3464.68 Å Ϫ1 /pixel. The images scanned at 10 m were padded to 1024 ϫ 1024 pixels, resulting in a Fourier space step size of 1/3478.53 Å Ϫ1 /pixel. Next, the intensities of the Fourier transforms of the individual padded particle images were summed and rotationally averaged at 1°i ntervals. Last, the average intensity of the electron cryomicroscopy data as a function of spatial frequency was extracted from the rotationally averaged spectrum. This procedure was performed for both the particle and the ice background images of each micrograph.
Data fitting
The unknown imaging parameters that modify the electron cryomicroscopy data were determined by fitting the electron cryomicroscopy data to the x-ray data modulated by the contrast transfer and envelope decay functions. In the data fitting we performed, the contrast transfer function (Erickson and Klug, 1970 ) is defined as
where S is spatial frequency, Q is the fraction of amplitude contrast, C s is the spherical aberration coefficient of the objective lens, is the wavelength, and ⌬z is the image defocus. Note that in a given set of experiments, the wavelength and spherical aberration coefficient are fixed constants of the electron microscope and the defocus is an experimental variable, varying in different images and amplitude contrast as a function of both the specimen thickness and the composition of the given electron microscope. Using this definition, the modifications applied to the electron cryomicroscopy images relative to the solution x-ray scattering data can be expressed (Erickson and Klug, 1970, Glaeser and Downing, 1992) as
where F e is the circularly averaged amplitudes of the Fourier transform of the electron cryomicroscopy particle images (henceforth referred to as the electron cryomicroscopy amplitudes), I x is the solution x-ray scattering intensity profile (henceforth referred to as the x-ray intensities), N is the circularly averaged amplitude of the noise present in the electron cryomicroscopy images calculated from the surrounding image background, e ϪBS 2 is the cumulative envelope function (Glaeser and Downing, 1992; Henderson, 1992) , B is the amplitude decay parameter (Glaeser and Downing, 1992) , and k is a scaling constant. Note that the decay parameter, B, has the same effect as the temperature factor used in x-ray crystallography to smear out the high-resolution data. However, the physical origins of the electron cryomicroscopy decay parameter are quite different from those of the x-ray crystallography temperature factor. The amount of electron cryomicroscopy decay can vary from image to image and is a function of the instrument, imaging conditions, and specimen stability during illumination. We fitted F e (S) 2 to I x (S) as a function of S by determining the appropriate values for the unknown variables ⌬z, B, and Q. We should point out that although x-rays and electrons interact with matter differently, these differences are not significant until approaching 4 Å resolution (Henderson, 1995) . Thus, in our fitting process we assumed that x-ray and electron scattering are the same. The defocus value was estimated by locating the positions of the contrast transfer function zeros in the image power spectrum, assuming 0% amplitude contrast (Zhou et al., 1996) . Although the exact defocus will change with different amounts of amplitude contrast (Erickson and Klug, 1970) , this change is not significant at the resolution ranges used in our comparisons. Thus, we have not recalculated the defocus for the determined amount of amplitude contrast. Initial values for the amplitude contrast and amplitude decay parameters were obtained by manual fitting of Eq. 4. After this initial estimation for the values of the amplitude contrast and amplitude decay parameters, a more accurate fit was performed using nonlinear least squares (Marquardt, 1963; Press et al., 1994) . In the nonlinear least-squares fitting process, multiple initial starting points were used to obtain a range of values for the amplitude contrast and amplitude decay parameters. Based on the initial manual fitting we used B values ranging from 0 to 1000 and Q values ranging from 0 to 2%. The final results shown are the mean and standard deviations computed from the resulting nonlinear least-squares fits. Because of the large decay of F e (S) 2 relative to I x (S) we performed the nonlinear least-squares fitting on the logarithm of Eq. 4. This fitting was performed both with and without the noise term in Eq. 4. In the case of background noise subtraction, the noise term, N(S), was scaled to overlap the locations of the contrast transfer function zeros in F e (S).
RESULTS
Electron cryomicroscopy
Electron cryomicroscopy was performed on scaffoldingcontaining bacteriophage P22 procapsids under a variety of imaging conditions (Fig. 1 A) . The average power spectrum computed from the selected particle images in each of these micrographs provides a visual mechanism for identifying the location of the contrast transfer function zeros, a quantitative mechanism for assessing the quality of the images (Zhou et al., 1996) , and a mechanism for visualizing the particles' characteristic circularly averaged structure factors. Fig. 1 , B and C, shows the computed average power spectrum and corresponding circularly averaged plot for the micrograph shown in Fig. 1 A. Notice that in this power spectrum three contrast transfer function zeros are visible, as highlighted by the arcs (Fig. 1 B) . The locations of these contrast transfer function zeros at 1/24, 1/17, and 1/14 Å
Ϫ1
indicate an image defocus of 3.45 m underfocus. Furthermore, the location of the last visible contrast transfer function zero, which in this example is 1/14 Å Ϫ1 , suggests the image may contain structural data out to this resolution. In addition to these image quality features, the average power spectrum provides a visualization mechanism for the structure factor peaks of the virus under study. In Fig. 1 , B and C, the most readily visible structure factor peaks lie between 1/200 and 1/32 Å Ϫ1 . These low resolution peaks ( Fig. 1 B,  arrow) correspond to the scattering function of the icosahedral particles . Visualization of these structure factor peaks beyond 1/32 Å Ϫ1 is hindered by the presence of noise, the contrast transfer function zeros, and the envelope decay present in the images.
Solution x-ray scattering
Bacteriophage P22 scaffolding-containing procapsids and infectious phages were purified and prepared for solution x-ray scattering. Two sample-to-detector distances were used for the data collection. Specifically, a 129-cm camera covered the resolution range of 1/214 -1/13.5 Å Ϫ1 and a 30-cm camera covered the resolution range of 1/66 -1/4.34 Å Ϫ1 . Shown in Fig. 2 are plots of the resulting solution x-ray scattering intensities for both the low-and high-angle camera settings. Statistical analysis of the features in these x-ray scattering intensity profiles indicates that all observed features are significant within the stated resolution ranges. Consequently, the overall decay of the observed x-ray scattering data is interpretable. In the case of the features at high resolution, however, the significance of the individual peaks is less than the significance of the large peaks present at low resolution.
In the case of the low-angle camera setting, the profile for the infectious phage (Fig. 2 A, light line) is similar to the scaffolding-containing procapsid profile (Fig. 2 A, bold line) except that the location of the structure factor peaks below 1/50 Å Ϫ1 is shifted to the left. This shift corresponds to the enlargement the capsid undergoes during DNA packaging . At higher resolution, the infectious phage profile (Fig. 2 A, light line) contains a large peak at 1/24 Å Ϫ1 corresponding to the internal DNA, as previously described (Earnshaw et al., 1976) .
In addition to this moderate resolution solution x-ray scattering profile, we obtained a high-angle profile extending to 4.34 Å resolution (Fig. 2 B) for scaffolding-containing procapsids and infectious phages. Both of these profiles contain many strong features up to ϳ1/9 Å Ϫ1 , at which point a substantial decay occurs. After this decay, the intensities for the scaffolding-containing procapsid increase in intensity beginning at 1/6 Å Ϫ1 , resulting in a broad peak with a maximum located ϳ1/4.6 Å Ϫ1 .
Comparison of solution x-ray scattering and electron cryomicroscopy intensities
Comparison of the x-ray intensities and the squared electron cryomicroscopy amplitudes (intensities) is exemplified in Fig. 3 . The most striking feature of this comparison is that the relative decay between the two curves differs by three orders of magnitude (Fig. 3 A) . This difference in the magnitude of decay between the electron cryomicroscopy and solution x-ray scattering data emphasizes the large extent to which the electron cryomicroscopy amplitudes have been modified during imaging. Comparison of the electron cryomicroscopy and x-ray intensities up to 1/50 FIGURE 1 Electron cryomicroscopy images and computed average power spectrum. (A) Selected region from a 3.45-m underfocus electron cryomicroscopy image of the bacteriophage P22 scaffolding-containing procapsid. Scale bar, 500 Å. (B) Average power spectrum computed from 137 particle images present in the micrograph shown in A. The white arcs denote the locations of the contrast transfer function zeros in the power spectrum and the black arrow denotes the low-resolution structure factors. (C ) Circularly averaged plot of the average power spectrum shown in B. The arrows correspond to the locations of the contrast transfer function zeros denoted by the white arcs in B.
Å
Ϫ1 demonstrates the consistent placement of structure factor peaks between these two data collection techniques (Fig. 3 B) . It should be pointed out that the x-ray scattering intensity was measured from a solution sample containing ϳ10 8 virus particles, whereas the electron cryomicroscopy intensities were computed from images of fewer than 200 particles. Further notice that although these peaks align out to 1/13.5 Å Ϫ1 (Fig. 3 C) , because of the noise, contrast transfer, and envelope decay functions, the strength of the electron cryomicroscopy peaks beyond 1/50 Å Ϫ1 is severely weakened. Consequently, visualization of structure factor peak alignment beyond 1/50 Å Ϫ1 is hindered. Electron cryomicroscopy data are modified by the contrast transfer and envelope decay functions characterized by three parameters: defocus, percent of amplitude contrast, and amount of envelope decay. In addition, electron cryomicroscopy data are corrupted by a significant amount of noise that is contributed by the presence of background materials and scattering statistical fluctuations (Glaeser and Downing, 1992) . Given the complexity of these independent functions, we have employed a stepwise process to fit the electron cryomicroscopy data to the solution x-ray scattering data and subsequently determine the unknown imaging parameters. First, we determined the image defocus by analyzing the average power spectrum of the individual electron cryomicroscopy particle images (Zhou et al., 1996) . Next, we performed a manual fitting of the electron cryomicroscopy and solution x-ray scattering intensities to determine initial values for amplitude contrast and envelope decay. Using these initial values as starting points, we then performed nonlinear least-squares data fitting for each electron micrograph. These data fittings were performed both with and without compensation for the electron cryomicroscopy noise function as described below. The results we present are the mean and standard deviation of the values determined by the various nonlinear least-squares data fitting operations.
Structure factor fitting without noise compensation
We began our nonlinear least-squares data fitting without compensating for the electron cryomicroscopy noise function. Fig. 4 shows the resulting fit between the electron cryomicroscopy and x-ray intensities with the plotted values of B and Q chosen for a consistent, visually appealing representation of the displayed plots. The chosen fit is within the mean of all possible fits and we opted for the one matched with most of the peaks for the chosen figures. In these curves, the consistency of the structure factor peaks between the two data sets is readily apparent. Furthermore, examination of the accuracy of the match between the electron cryomicroscopy and x-ray intensities after correction shows that the relative decay between the two intensity profiles is consistent except in the regions surrounding the contrast transfer function zeros, where the electron cryomi- croscopy datum does not become zero because noise compensation has not been performed. That is, these regions of dissimilarity occur because the background noise has not been subtracted from the electron cryomicroscopy intensities. Despite the absence of noise function correction, however, the fit between these curves is quite good. Furthermore, the presence of the contrast transfer function zeros substantiates the fitting process by demonstrating the consistency between the processed data sets and the inconsistency that occurs because of failure to correct for the noise present in the electron cryomicroscopy images.
Structure factor fitting with noise compensation
In order to account for the decay at the contrast transfer function zeros the electron cryomicroscopy noise function was included in the nonlinear least-squares data fitting. The exact nature of the noise present in electron cryomicroscopy images is currently unknown. However, several models have been proposed that characterize the additive noise using exponential functions (Glaeser and Downing, 1992; Perkins et al., 1995; Zhu et al., 1997) . Unfortunately, these noise models introduce several additional unknown parameters into the data fitting. Given the complexity of the functions we were fitting, the use of additional parameters severely weakens the ability to determine a unique set of unknown parameters that will match the electron cryomicroscopy data to the solution x-ray scattering data. Consequently, we chose to simplify the data fitting by using the amplitude profile of the electron cryomicroscopy image of ice as a background to represent the noise function. That is, when performing data fitting with noise compensation, we subtract the noise amplitude profile from the electron cryomicroscopy amplitudes before performing the nonlinear least-squares fit.
The resulting fit between the electron cryomicroscopy intensities after subtracting noise and the modified x-ray intensities is shown in Fig. 5 along with the determined imaging parameters. As with the previous comparison (Fig.  4) , the consistency of the structure factor peaks between the two data sets is apparent. In the case of the far-from-focus images the determined amount of envelope decay severely weakens the strength of the electron cryomicroscopy data (Fig. 5, A and B, contrast transfer function plot) . Thus, the apparent mismatch in the electron cryomicroscopy and xray intensities beyond the location of the first contrast transfer function zero for both far-from-focus images is a result of the extremely small value of the applied image degradation functions. We interpret these results as indicating that the electron cryomicroscopy data in the far-fromfocus images are valid only up to the locations of the first contrast transfer function zeros. That is, beyond the first contrast transfer function zero the signal is dominated by noise. In the close-to-focus images (Fig. 5, C and D) a similar effect is not observed. Thus, the close-to-focus electron cryomicroscopy data are valid in the entire range plotted. Examination of the curves corresponding to the close-to-focus images shows that upon the additional compensation for noise, the relative decay between the electron cryomicroscopy and x-ray intensity curves is consistent up to, including, and beyond the locations of the contrast transfer function zeros. That is, in the data-fitting comparison with noise compensation, the region of dissimilarity surrounding the contrast transfer function zeros is smaller than those in the comparisons without noise compensation.
Calculation of amplitude contrast Q and amplitude decay B
The calculated percentage of amplitude contrast in the noise-compensated comparisons is 8.0 Ϯ 5.2%. In comparison, the calculated percentage of amplitude contrast without noise compensation is 8.8 Ϯ 3.6%. Thus, compensating for noise during data fitting resulted in only a relatively minor change in the percentage of amplitude contrast. We would expect such a result because the main effect of amplitude contrast is at low resolution, whereas the main effect of noise is at high resolution. Thus, compensation for noise should not produce a vastly different result at low resolution. Note, however, that our chosen noise compensation method could result in inaccuracies in the determined percentage of amplitude contrast due to the possible presence of contaminants, such as proteins, in the background image. Although this may account for the large standard deviation in the noise-compensated comparisons, comparison of our results with and without noise compensation argues against this affecting our overall results because the calculated mean percent of amplitude contrast does not significantly change in either data fitting method.
In the case of the determined amount of amplitude decay, a significantly large change in value occurs upon compensation for the noise function. Specifically, without noise compensation, the amount of amplitude decay is 44 Ϯ 66 Å 2 but upon noise compensation this value rises to 524 Ϯ 188 Å 2 . This significant change is expected because the principal effect of the additive noise is at high resolution. Thus, comparison of the calculated values before and after noise compensation is consistent to each other and further substantiates the utility of this method.
Because the determined amount of amplitude decay differs greatly when computed with and without noise compensation, it is clear that the choice of noise function greatly affects the amount of amplitude decay. Given that the noise function is calculated from the background image and is not a known or directly computable function, it is possible that our chosen noise function does not accurately account for the actual noise present in the images. It may be that the moderately large standard deviations in our amplitude decay function calculations are a result of these possible inaccuracies. In this case, the actual amount of amplitude decay may lie between the values we have determined with noise compensation and those determined without it. It should be noted, however, that the calculated amount of amplitude decay is also dependent on the quality of the individual electron cryomicroscopy images, a factor that will vary from experiment to experiment and from image to image. Thus, the slightly elevated standard deviations we observed could have resulted from variations in the overall quality of our tested images.
DISCUSSION
Structural characteristics suggested by solution x-ray scattering
In addition to using the solution x-ray scattering data for calculation of the electron cryomicroscopy imaging factors, we have analyzed the solution x-ray scattering data for structural information on bacteriophage P22. Comparison of the infectious phage and scaffolding-containing procapsid structure factor peaks reveals that the locations of the infectious phage structure factor peaks below 1/50 Å Ϫ1 are to the left of the procapsid structure factor peaks. This shift corresponds to the enlargement the capsid undergoes during DNA packaging . In addition to this shift in the low-resolution peaks, the infectious phage profile contains several additional structure factor peaks not present in the procapsid profile. Specifically, the infectious phage profile contains additional peaks at 1/24, 1/12, 1/8.5, and 1/5.6 Å Ϫ1 . These peaks have been previously observed in P22 phage and are attributed to the internal phage DNA (Earnshaw et al., 1976) . The spacing of the DNA-related peaks, with the exception of the 1/24 Å Ϫ1 peak, is consistent with the B form of DNA (Maniatis et al., 1974) , as further supported by Raman difference spectroscopy results (Aubrey et al., 1992) . The 1/24 Å Ϫ1 DNA-related peak has been previously attributed to the specific packing of the DNA within the infectious phage (Earnshaw et al., 1976; Earnshaw and Harrison, 1977) .
Excluding the peaks resulting from the DNA, additional structural information is provided by the significant peaks we observe at 1/10.5 and 1/4.6 Å Ϫ1 in both the scaffoldingcontaining procapsid and the infectious phage. Structures containing a large number of either ␣-helices or ␤-sheets produce structure factor peaks near 1/10 Å Ϫ1 . At higher resolution, however, structures containing a large number of ␣-helices produce a peak near 1/5.1 Å Ϫ1 (Astbury and Woods, 1933; Blaurock, 1975; Henderson, 1975; Pauling and Corey, 1951) , whereas structures containing a large number of ␤-sheets produce a peak near 1/4.65 Å Ϫ1 (Astbury and Sisson, 1935). In the case of both the bacteriophage P22 scaffolding-containing procapsid and the infectious phage, we do not observe a significant peak in the 1/5.1 Å Ϫ1 range but we do observe a strong peak at 1/4.6 Å Ϫ1 . Thus, we interpret these results as indicating the bacteriophage P22 coat protein is predominantly folded into ␤-sheets. These results are consistent with previous studies using Raman spectroscopy (Prevelige et al., 1990; Thomas et al., 1982; Tuma et al., 1996) .
Amplitude contrast Q
An experimental procedure for determining the percentage of amplitude contrast by comparing two images of the same object at different defocus values has been previously described (Toyoshima and Unwin, 1988) . Use of this method by Toyoshima and Unwin (1988) on images of flattened tubular vesicles of the nicotinic acetylcholine receptor resulted in a determination of 7% amplitude contrast. Further use of this method on tubular crystals of the acetylcholine receptor and calcium-ATPase resulted in amplitude contrast contributions of 5.8% at 120 kV and 4.8% at 200 kV (Toyoshima and Yonekura, 1993) . In addition, the method of Toyoshima and Unwin (1988) has been used on images of tobacco mosaic virus, yeilding a result of 14 Ϯ 2% amplitude contrast (Smith and Langmore, 1992) . Recently a computational modeling approach has also been used to determine the percentage of amplitude contrast (Zhu et al., 1997) . In this later approach, electron cryomicroscopy data are fitted to a number of functions depicting the degradations present in the electron cryomicroscopy images (Zhu et al., 1997) . Use of this modeling method on images of the 70S ribosome subunit resulted in determination of 14% amplitude contrast in energy-filtered images and 9% in images without energy filtration (Zhu et al., 1997) . In comparison, our experiments on the bacteriophage P22 procapsid determined 8.0 Ϯ 5.2% amplitude contrast.
Amplitude contrast depends on the average atomic mass of the sample (Erickson and Klug, 1970 ) and inelastic scattering (Erickson, 1973) . In the cases of tobacco mosaic virus (Smith and Langmore, 1992) and the 70S ribosome (Zhu et al., 1997) , both samples contain nucleic acids and both sets of imaging conditions exclude inelastic scattering through energy filtration. Thus, these factors may account for the higher determined values of amplitude contrast. In the cases of the acetylcholine receptor and calcium-ATPase (Toyoshima and Unwin, 1988; Toyoshima and Yonekura, 1993) , however, the samples do not contain any atoms with high atomic mass and during image formation inelastically scattered electrons are included. Thus, these two factors may account for the lower determined values of amplitude contrast for these samples. Our results for the P22 procapsid, which does not contain any nucleic acids or high atomic mass atoms, are consistent with those for other samples that do not contain nucleic acids. In addition, our images with 400-kV electrons would have less inelastic scattering than those of 100-kV images for the same irradiating electron dosage.
Amplitude decay B
The envelope decay function has been attributed to a number of effects including partial spatial coherence (Frank, 1973; Frank, 1975; Wade and Frank, 1977) , temporal coherence (Frank, 1976) , recording medium contrast modulation (Downing and Grano, 1982; Sherman et al., 1996) , inelastic scattering (Glaeser, 1982) , radiation damage (Glaeser, 1971; Jeng et al., 1984) , beam-induced specimen movement (Bullough and Tulloch, 1990; Downing, 1991; Henderson and Glaeser, 1985) , specimen charging (Jakubowski et al., 1989) , and specimen cryo-holder instability (Downing and Chiu, 1990) . Each of these factors has its own envelope function. In addition, the overall decay factor may be affected by the statistical definition of the electron microscopy intensities computed from the limited number of particles present in a single electron cryomicroscopy image. These various factors can be approximated as a product of the different envelope functions (Frank, 1976; Hanszen and Trepte, 1971) . We have chosen to use the e ϪBS 2 approximation for the envelope decay factor. In this approximation, B specifies the amount of amplitude decay.
Given the complexity of the various factors that result in the envelope decay function, no single experimental method can be performed to calculate the amount of amplitude decay. In the event that an atomic resolution model of the three-dimensional structure or some component thereof exists, computational methods may be employed to calculate the amount of amplitude decay (Grimes et al., 1997; Stewart et al., 1993) . The first such example, using the major capsid protein of adenovirus (Roberts et al., 1986) , computationally determined an amplitude decay of 3000 Å 2 for data extending to 25 Å resolution (Stewart et al., 1991) . Similar calculations were performed for the bluetongue virus core using the crystal structure of the VP7 trimer (Grimes et al., 1997) . In the case of bluetongue virus, an amplitude decay of 500 Å 2 was calculated for data extending to 23 Å using experimental conditions that closely match those of our test images (Grimes et al., 1997) . In our experiments, we have determined, for 400-kV spot-scan images of bacteriophage P22 procapsids, an amplitude decay of 523 Ϯ 188 Å 2 for data extending to 13.5 Å. Thus, our determined amount of amplitude decay closely matches the value determined by Grimes et al. (1997) . In comparison, the amount of amplitude decay determined by Stewart et al. (1993) for adenovirus is roughly five times larger than both the bluetongue and P22 values. The exact cause for this discrepancy is unknown; however, spatial and temporal coherence and different experimental conditions are likely contributing factors. In addition, Stewart et al. (1993) performed noise correction, which, as shown by our results, can have a substantial effect on the determined B value.
Contrast transfer and amplitude decay correction in three-dimensional structures
Correction for the contrast transfer and envelope decay functions is necessary to obtain accurate high resolution three-dimensional structures. In recent years a variety of methods have been proposed and used for such correction. The majority of these correction methods perform corrections based on specified contrast transfer and envelope decay functions. These correction methods include a number of Wiener filter derivatives that incorporate noise function correction (Böttcher and Crowther, 1996; Böttcher et al., 1997; Conway et al., 1997; Trus et al., 1997; Zhou et al., 1994; Zlotnick et al., 1996) and variant Wiener methods that do not incorporate noise function correction (Mimori et al., 1995; Unwin, 1993) . The values of amplitude contrast and amplitude decay used by such correction methods will affect the three-dimensional structure. Variations in the choice of amplitude contrast affect the density distribution (Mimori et al., 1995; Shaw et al., 1993; Unwin, 1993) . Similarly, variations in the choice of the amplitude decay and noise functions affect the strength of high-frequency terms, resulting in differences in molecular boundaries and accuracy of the high resolution structural features. We have demonstrated a method to calculate values for the amplitude contrast and decay parameters using solution x-ray scattering. These values provide an independent experimental basis for affirming the chosen values for the contrast transfer and envelope decay function parameters used in the correction methods. As our results indicate, the amount of amplitude decay differs significantly depending on the amount of noise correction. It is also apparent in our analysis that the noise function is difficult to determine precisely.
Correction for the image degradation functions may occur at different stages of the three-dimensional reconstruction procedure. The contrast transfer function can be applied to individual particle images before three-dimensional reconstruction (Conway et al., 1997; Trus et al., 1997; Zhou et al., 1994; Zlotnick et al., 1996) or to the reconstructions of individual micrographs that are subsequently combined (Böttcher and Crowther, 1996; Böttcher et al., 1997) . In either case, the contrast transfer function is applied to data from a single micrograph, not multiple micrographs. In contrast, the envelope decay function may be applied to the data of individual micrographs or to the merged data from several micrographs. If the envelope decay function is applied to individual micrographs it is essential to ensure that the applied amount of amplitude decay is consistent with the type of noise function correction applied during contrast transfer function correction. That is, in the majority of the Wiener filter-based correction methods a noise function is incorporated into the correction. For these correction methods, the applied noise function should be the same as that used to determine the amount of amplitude decay. For alternative and variant Wiener methods that do not perform noise correction, the applied amount of amplitude decay should be that determined by data fitting without compensation for the noise function. Failure to choose the appropriate noise function and corresponding amount of amplitude decay may result in an unjustified amplification of the high-frequency terms.
Given the potential inaccuracy in measuring amplitude decay for individual micrographs and the difficulty of determining image background noise subtraction accurately, it may be more beneficial to perform overall envelope decay function correction after merging of micrographs with different defocuses (with appropriate phase flips) than to make the correction to individual micrographs. In this case, the regions surrounding the contrast transfer function zeros would be compensated for by the incorporation of data from several different defocus values, reducing the amplification of noise during envelope decay correction. In this correction method, the choice of the overall amplitude decay parameter value for correction could then be guided by computing the average of the upper and lower values determined by the method described here (Figs. 4 and 5) . Furthermore, after these corrections have been applied, the computed intensities of the corrected three-dimensional map to the solution x-ray scattering data could be compared to confirm proper envelope decay parameter correction. Using a Wilson plot for this comparison would plot the natural logarithm of the electron microscopy amplitudes divided by the solution scattering amplitudes as a function of spatial frequency squared. Under this formulation, the slope of the Wilson plot equals the value of the amplitude decay parameter. Thus, calculation of the Wilson plot can easily be used to validate the amount of amplitude decay correction applied to the three-dimensional reconstruction.
Solution x-ray scattering-based estimation of the number of images needed for three-dimensional reconstruction
Estimation of the number of images needed for three-dimensional reconstruction is useful to understand the experimental and computational scope of pursuing a high-reso-lution structural study. Solution x-ray scattering can assist in this estimation. Specifically, the number of images needed is proportional to the structure factor intensity (Unwin and Henderson, 1975) . Thus, if the minimum number of images needed to determine a structure at a particular resolution can be estimated, then examination of the decay present in the solution x-ray scattering intensity data can be used to approximate the number of individual particle images needed for a higher resolution electron cryomicroscopy structure.
Theoretically, the minimum number of images needed to determine a structure at a particular resolution, d, for an asymmetrical object of a specific diameter, D, is D/d. In reality, many more particle images are needed than this estimate suggests, even at low resolution, due to the low contrast of the images. Thus, a method incorporating real data is needed to estimate the number of particles. One method of performing this estimation is to define the minimum number of particles as the number at which the phase residual between two independent reconstructions is no longer increased by the addition of more particles. Given this empirical estimate for the minimal number of particles needed at low resolution, examination of the decay present in the solution x-ray scattering intensity data can be used to approximate the number of individual particle images needed for a high-resolution electron cryomicroscopy structure.
For example, assume 200 particle images are sufficient for determination of a 19-Å structure of the bacteriophage P22 scaffolding-containing procapsid . Examination of the solution x-ray scattering data in the range of 1/20 to 1/6.25 Å Ϫ1 (Fig. 2 B) shows that the intensity decays from 0.007 to 0.0033 when B ϭ 0. That is, the structure factor intensity is roughly 2 times smaller at 1/6.25 Å Ϫ1 than at 1/20 Å Ϫ1 . Because the number of images needed is proportional to the structure factor intensity (Unwin and Henderson, 1975) , a minimum of 400 particle images will be needed to determine the structure of the scaffolding-containing P22 procapsid at 6.25 Å. This estimation, however, does not include the noise or the envelope decay functions present in the electron cryomicroscopy images. As shown in Fig. 6 , depending on the severity of the image decay functions, the estimated number of particles needed for structure determination at 6.25 Å could significantly increase. Specifically, choice of an amplitude decay value of 50 Å 2 , based upon use of reconstruction methods without noise compensation, results in an intensity that is roughly 25 times smaller at 1/6.25 Å Ϫ1 than at 1/20 Å Ϫ1 . Thus, the minimum number of particles needed for structure determination at 6.25 Å increases to 5000. In addition, the necessary number of images will depend on the homogeneity of the specimen, the accuracy of the determined particle orientations, the accuracy of the three-dimensional reconstruction algorithm, and the accuracy of the envelope decay function correction algorithm. Consequently, these estimates should be considered lower bounds for the number of particle images needed for three-dimensional reconstruction to a specified resolution. In reality, one may expect to process a minimum of 3 to 4 times more particles than this theoretical estimate, simply because not every particle is equally good.
CONCLUSIONS
We have collected solution x-ray scattering data of bacteriophage P22 scaffolding-containing procapsids and infectious phage particles. Examination of the solution scattering data indicates a strong likelihood that the P22 coat protein (gp5) is composed primarily of ␤-sheet structures. We have FIGURE 6 Example of the effects of the amplitude decay function. Plotted is the high-angle solution x-ray scattering intensity data of the bacteriophage P22 scaffolding-containing procapsid with an artificial amplitude decay function applied. The amount of amplitude decay applied is 0, 50, 100, and 200 Å 2 , as indicated. The dotted vertical line corresponds to 1/6.25 Å Ϫ1 .
further used this solution scattering data to determine the unknown imaging conditions present in electron cryomicroscopy images. In our experiments using 400-kV spotscan images of the bacteriophage P22 procapsid, we have calculated 8.0 Ϯ 5.2% amplitude contrast and 523 Ϯ 188 Å 2 or 44 Ϯ 66 Å 2 amplitude decay with or without image noise compensation. These calculations are consistent with other experimental and computational methods that calculate either amplitude contrast or amplitude decay. This consistency demonstrates the ability of this method to determine the values for amplitude decay and amplitude contrast. The effects of these imaging parameters on computed reconstructions are most pronounced at high resolution. Thus, our ability to collect solution x-ray scattering data extending to 1/4.5 Å Ϫ1 further demonstrates that upon determination of near atomic resolution electron cryomicroscopy icosahedral virus structures, the proper contrast transfer and envelope decay function parameters can be calculated and applied, allowing accurate high-resolution three-dimensional structure determination using electron cryomicroscopy.
